Efficacious therapies are not available for the cure of both gliomas and glioneuronal tumors, which represent the most numerous and heterogeneous primary cancers of the central nervous system (CNS), and for neoplasms of the peripheral nervous system (PNS), which can be divided into benign tumors, mainly represented by schwannomas and neurofibromas, and malignant tumors of the peripheral nerve sheath (MPNST). Increased cellular oxidative stress and other metabolic aspects have been reported as potential etiologies in the nervous system tumors. Thus polyphenols have been tested as effective natural compounds likely useful for the prevention and therapy of this group of neoplasms, because of their antioxidant and anti-inflammatory activity. However, polyphenols show poor intestinal absorption due to individual intestinal microbiota content, poor bioavailability, and difficulty in passing the blood-brain barrier (BBB). Recently, polymeric nanoparticle-based polyphenol delivery improved their gastrointestinal absorption, their bioavailability, and entry into defined target organs. Herein, we summarize recent findings about the primary polyphenols employed for nervous system tumor prevention and treatment. We describe the limitations of their application in clinical practice and the new strategies aimed at enhancing their bioavailability and targeted delivery.
Introduction
Primary tumors of the central nervous system (CNS) are a complex heterogeneous group of benign and malignant cancers, each with their unique biology, prognosis, and sensitivity to the proposed therapies. As a general rule, brain tumors are named according to the non-neoplastic cell types that they most closely resemble and/or to their location where they are located in the brain, as classified by the World Health Organization (WHO) [1] .
Gliomas and glioneuronal tumors are the most frequent heterogeneous group of primary tumors of the CNS. Gliomas, representing about 30% of the whole CNS cancers and 80% of malignant brain tumors [2] , develop from glial cells, so called because the ancients thought that these cells served as "glue" between neurons (glia = glue in Greek). It is actually a group of tumors, including astrocytomas, oligodendrogliomas, ependymomas, and mixed gliomas. Gliomas can be aggressive (high degree of Similarly, the MPNST develop in 50% of cases in a context of NF1. On the other hand, schwannomas, especially tumors of acoustics, are a major diagnostic criterion for neurofibromatosis type 2 (NF2) ( Table 2 ) [5] . Table 2 . Diagnostic criteria for Neurofibromatosis type 2 (these include the National Institutes of Health (NIH) criteria with additional criteria).
Main Criteria Additional Criteria
Bilateral vestibular schwannomas (VS) or family history of NF2 plus (1) Unilateral VS or (2) Any two of: meningioma, glioma, neurofibroma, schwannoma, posterior subcapsular lenticular opacities Unilateral VS plus any two of: meningioma, glioma, neurofibroma, schwannoma, and posterior subcapsular opacities or Multiple meningioma (two or more) plus unilateral VS or any two of: glioma, neurofibroma, schwannoma, and cataract NF2-Neurofibromatosis type 2; VS-vestibular schwannomas A recently published survey of the global incidence of brain cancer estimated that between 1990 and 2016 its worldwide incidence increased most in populations grouped in the low quintile of SDI, a socio demographic index indicator of income per capita, educational level, and total fertility rate. Moreover, it is proposed that significant differences in the incidence of CNS cancer between various geographical regions can be due not only to variations in diagnoses and reporting practices but also to genetic and environmental risk factors not yet identified [6] .
Unfortunately, the sole accurate targeting of genetic lesions has been shown to be an incomplete strategy, unable to extend the survival of brain tumor patient [7, 8] . In the past time, cancer has been considered as a set of diseases that are caused by the accumulation of genetic mutations, and that aberrant regulation of epigenetic mechanisms may lead to human diseases, including cancer. Contrary to genetic mutations, epigenetic modifications are reversible. For this reason, epigenetic alterations are considered more effective therapeutic targets. Indeed, recent studies confirm the relevance of diet and bioactive dietary compounds for the prevention of epigenetic alterations in cancer. In fact, while former epidemiological studies did not support any or very little association between consumption of vegetable and fruit and reduced risk of cancer, clinical studies based on case-control analysis as well as data produced by large clinical cohort studies indicate an inverse correlation between the incidence of certain types of cancer and the regular consumption of fruits and vegetables [9] . For this reason, it has been hypothesized that only certain types of fruits and vegetables, likely those containing polyphenols, can exert a protective effect against cancer [9] . Correspondingly, several studies investigating the effect of diet on cancer risk and cancer progression provided evidence that polyphenols derived from tea, red wine, cocoa, certain fruits, and olive oil have an impact on carcinogenesis and tumor progression [10] . Several polyphenols, in fact, exhibit potent anti-tumor activity through their capability to reverse epigenetic alterations leading to oncogene activation and down-regulation of tumor suppressor genes [11] by interacting with oxidative reactive intermediates [12] and mutagens [13] , modulating the signaling molecules involved in cell-cycle regulation [14] , regulating the expression of cancer-related genes [15] , or inducing apoptosis [16, 17] .
Furthermore, the transition from normal to cancer cell is characterized by altered cellular energy metabolism [18, 19] . Indeed, the energy metabolism drives the cascade of events which lead a cell to proliferate or to die.
It is known, for example, that tumors are characterized by enhanced glucose uptake and an increased glycolysis rate [9] . Indeed, polyphenols act as inhibitors of glucose absorption and metabolism in cancer [20, 21] .
Oxidative stress is a common alteration present in adult-onset brain tumors as well as in hereditary cancer of the nervous system, such as Neurofibromatosis type 1 (NF1) and Tuberous Sclerosis (TSC) [22, 23] . Since polyphenols show a powerful antioxidant activity, several studies have analyzed their therapeutic potential to counteract tumor progression [23] .
Taking into account recent studies, the present review aims to provide up-to-date data on the effect of polyphenols in preventing the progression of central and peripheral nervous system tumors, which helps to explore their therapeutic values for future clinical settings.
Polyphenols
Phenols are "molecules possessing at minimum one aromatic ring with one or more hydroxyl groups attached" [23] . They are subdivided into flavonoids and non-flavonoids [24] (Figure 1 ).
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Phenols are "molecules possessing at minimum one aromatic ring with one or more hydroxyl groups attached" [23] . They are subdivided into flavonoids and non-flavonoids [24] (Figure 1 ). Flavonoids. They contain 15 carbons and two aromatic rings linked by a three-carbon bridge. This class includes: flavanols, flavones, isoflavones, flavanones, anthocyanidins, and flavan-3-ols [24] .
a.
Flavanols are represented in the whole plant kingdom excluding the algae. Flavonols include kaempferol, quercetin, isorhamnetin, and myricetin [24] . b.
Flavones are contained in some herbs, such as Celery (Apium graveolens) and parsley (Petrosilinum hortense). They include apigenin, luteolin, wogonin, and baicalein [24] . c.
Isoflavones are contained in leguminous plants. Soybeans (Glycine max) present a large amount of daidzein and genistein [24] . Chickpeas are enriched in biochanin A, while peanuts contain high levels of genistein. Since isoflavones show a structure similar to estrogens, they are also defined as phytoestrogens [24] . d.
Flavanones are contained at elevated levels in the flavedo of citrus fruits. Hesperetin-7-Orutinoside is also called hesperidin and is the most common member of this subclass and it is present also in apricots, plums, and bilberries [24] . e.
Anthocyanidins are plant pigments, which react with organic acids and sugars, leading to the formation of molecules of different colors. The major components of this subclass are peonidin, pelargonidin, petunidin, cyanidin, delphinidin, and malvidin [24] . f.
Flavan-3-ols. They can range from monomers (epicatechin and catechin) to oligomeric and polymeric proanthocyanidins (also called tannins). High concentrations of epicatechin-3-gallate (ECG) and epigallocatechin-3-gallate (EGCG) are present in green tea (Camelia sinensis) [24] .
Non-flavonoids. They include the C 6 -C 1 phenolic acids, which have a dietary relevance. The most common is the gallic acid, which is contained in numerous fruits and plants. Ellagitannins are contained in strawberries (Fragaria ananassa), raspberries (Rubus idaeus), blackberries (Rubus spp), persimmon (Diospyros kaki), pomegranates (Punica granatum), hazelnuts (Corylus avellana), and walnuts (Juglans regia) [24] . Belonging to this class are also: (i) secoiridoids and ligstroside, which are present in olive oil, (ii) stilbenes, whose major representing is resveratrol and is found in wine, and (iii) diferuloylmethanes that include curcumin, a curcuminoid of turmeric (Curcuma longa) [23] .
Mechanisms of Cancer Modulation by Polyphenols

Regulation of Glucose Homeostasis
High proliferating tumor cells need to produce extra ATP to maintain their energy status, produce an increased biosynthesis of macromolecules, and maintain the cellular redox status [25] . For this reason, tumor cells need to reprogram the own metabolic flux with the aim of obtaining a surplus of ATP that is needed for an increased rate of proliferation [25] . Indeed, cancer cells are characterized by metabolic reprogramming involving an altered energy metabolism, called the Warburg effect, that shows elevated uptake and consumption of glucose and also enhanced creation of lactate buildup despite the presence of oxygen [26] . This metabolic change in tumor cells promotes cell proliferation and tumor progression by generating an increased level of glycolytic intermediates needed for the synthesis of new molecules. In addition, it augments the metabolism of glucose, which counteracts the excess metabolic formation of reactive oxygen species (ROS) in cancer cells [27] . Because of the necessity of extra ATP, glucose deprivation displays a higher cytotoxic effect on several cancer cells compared to normal cells. For this reason, inhibitors of glucose uptake and of oxidative metabolism (glycolysis inhibitors) are considered as therapeutic strategies against cancer [26] . Importantly, the Warburg effect, also defined as "aerobic lactatogenesis" [28] , is considered an excellent target against cancer because therapeutic strategies directed against this metabolic shift will induce less negative side effects, leading to the reduction of treatment-associated morbidities. Indeed, several drugs targeting glucose metabolism are in trial or already approved compounds to treat cancer [29] .
Several polyphenols exert an inhibitory effect on various steps of energy pathways in cancer cells, including inhibition of the uptake of glucose and block of enzymes involved in glucose metabolism.
Polyphenols interfere with the glucose transporters in various cell types, affecting glucose uptake. Gossypol decreases glucose uptake in various cell types by a competitive mechanism [30] . Naringenin inhibits basal as well insulin-induced uptake of glucose in tumoral cells by blocking PIP3/Akt and MAPK activity [31] . This inhibition of glucose uptake results in an anti-proliferative effect of naringenin treatment in cancer cells [31] . Genistein reduces glucose uptake in cancer cell lines [32] . Resveratrol inhibits glycolysis in cancer cells, where it also blocks glucose uptake by lowering the expression of the glucose transporter GLUT1 [33] . Resveratrol reduces cell viability in cancer cells. Such resveratrol-dependent reduction of GLUT1 depends on a reduction of ROS and subsequent down-regulation of the transcription factor HIF-1 -alpha [33] . Moreover, resveratrol reduces cell viability by directly inhibiting the 6-Phosphofructo-1-kinase-1 (PKF), an essential enzyme of the glycolytic pathway, leading to a decreased glucose utilization and reduced ATP levels in cancer cells [34] . The flavone hesperetin reduces basal glucose uptake in cancer cells by down-regulating GLUT1 [35] . It also impairs insulin-dependent glucose uptake in cancer cells by impairing GLUT4 translocation to the plasma membrane [35] . The flavonoids epigallocatechin-3-gallate (EGCG) and quercetin reduce glucose uptake and lactate production in tumoral cells [36] . The reduction of glucose uptake is independent from signaling pathways modulated by PKC, PKG, PKA, and calcium-calmodulin [36] . The reduction of glucose uptake and lactate production due to these flavonoids results in a cytotoxic and anti-proliferative effect [36] . Luteolin reduces the glycolytic flux in cancer cells but does not affect the glucose uptake [37] . 1,2,3,4,6-penta-O-galloyl-beta-d-glucose (PGG) down-regulates the genes encoding enzymes of the pyruvate metabolism, such as acylphosphatase, pyruvate carboxylase, and aldehyde dehydrogenase (ALDH3B1) in cancer cells [38] .
Modulation of Advanced Glycation Endproducts (AGEs) and their Receptor (RAGE)
Aging, altered metabolism, and diet induce the formation of advanced glycation endproducts (AGEs), which participate in the progression of several diseases, including cancer [39] [40] [41] [42] [43] . Additionally, members of the AGEs family, such as N-carboxymethyllysine (CML) and argpyrimidine, are elevated in several tumors and are implicated in cancer progression [43] . Several polyphenols inhibit AGEs formation both in vitro and in vivo. Indeed, Tomato paste blocks the formation of AGEs [44] , tea polyphenols interfere with AGEs formation in physiological conditions [45] , and EGCG inhibits AGEs formation [46] . The receptor for AGEs (RAGE) is also involved in cancer cell invasion and metastasis [47] . Polyphenols interfere with RAGE activation and signaling. EGCG inhibits RAGE activation [48] . Quercetin reduces RAGE expression in cancer cells, inducing cell cycle arrest, autophagy, apoptosis, and chemo-sensitivity [49] .
Modulation of Oxidative Stress and Related Signaling Pathways
Reactive oxygen species (ROS) induce tumor formation by producing genetic mutation, inducing oncogenes, and promoting oxidative stress. The last has an effect on cell proliferation, apoptosis, and survival. Tumor cells are characterized by enhanced ROS production, leading to redox unbalance. ROS induce the oxidation of protein cysteine residues, which may induce cellular proliferation [50] . ROS play a key function in tumor initiation, promotion, and progression [51] . ROS activate oncogenes, such as Ras and c-Myc, and promote p53-dependent DNA repair [52] . In addition, ROS promote cancer progression also by inducing the activation of several signaling pathways, such as the phosphoinositide-3-kinase (PI3K)/protein kinase B (AKT), mitogen-activated protein kinase (MAPK)/extracellular-signal-regulated kinase (ERK), the inhibitor of kappa B (IκB), kinase (IKK)/nuclear factor κB (NFκB), the protein kinase D (PKD), JNK, and PI3K, which in turn modulate the activity of several transcription factors that participate to cancer initiation/progression [52] .
Polyphenols possess both anti-oxidant and pro-oxidant activity, which modulate cell proliferation and apoptotic pathways [53] . Quercetin scavenges superoxide anions, leading to the formation of H 2 O 2 , semiquinone, and quercetin radicals. The latter deplete the intracellular anti-oxidant systems [52] . Indeed, quercetin leads to ROS-dependent apoptosis, necrosis, and autophagy in cancer cells [52] .
In addition, quercetin induces cell cycle arrest by modulating p21 WAF , cyclin B, and p27 KIP1 in cancer cells [52] . Notably, curcumin exerts opposite effects in cancer cells compared to its effects in normal cells, suggesting that curcumin can be beneficial in preventing cancer without affecting the homeostasis of normal cells. In normal cells, curcumin acts as an anti-oxidant by scavenging hydroxyl radicals, superoxide, nitric oxide, H2O2, and peroxynitrite [54] . In addition, curcumin regulates the expression of HO-1, GPX, and SOD in normal cells [54] . On the other hand, in cancer cells curcumin has a pro-oxidative effect that induces apoptosis [55] . Indeed, curcumin induces ROS formation in cancer cells [56, 57] . Curcumin's pro-oxidative activity occurs in the mitochondrial membranes of cancer cells, leading to depolarization of mitochondrial and down-regulation of ATP synthesis, ultimately inducing apoptosis [58] . Curcumin-dependent ROS production in cancer cells induces Erk1/2 and p38 MAPK pathways that lead to autophagy [59] . Curcumin blocks the survival and proliferation of cancer stem cell through a ROS-mediated inhibition of NFκB and STAT3 in glioblastoma [60] . Capsaicin has been shown to exert beneficial effects against glioma. Indeed, in glioma, capsaicin (trans-8-methyl-N-vanillyl-6-nonenamide) affects the mitochondrial membrane potential, leading to ROS elevation and subsequent caspase 3 activation [61] . Capsaicin not only induces apoptosis but also cell cycle arrest [62] . EGCG possesses both anti-oxidant and pro-oxidant activity. It produces ROS by auto-oxidation [63] . EGCG induces apoptosis by inhibiting the PI3k/AKT pathway. In addition, it decreases the mitochondrial membrane potential, leading to apoptosis [52]. Phenethyl isothiocyanate (PEITC) decreases intracellular GSH, leading to enhanced ROS accumulation and mitochondrial dysfunction exclusively in cancer cells [64] . Benzyl isothiocyanate (BITC) induces oxidative stress in glioma cells by exhausting SOD and GSH levels, leading to caspase-mediated apoptosis [65] . Piperine blocks tumor growth by inducing oxidative stress, mitochondria dysfunction, and subsequent apoptosis [66] . Resveratrol inhibits tum initiation and progression by inducing apoptosis in neuroblastoma cells [67] . It promotes apoptosis by inducing the death receptors for TRAIL and FasL, ROS-dependent caspase activation, and p53 [68] . P-Coumaric acid (p-CoA) promotes apoptosis in cancer cells by enhancing ROS formation and inducing mitochondrial depolarization [69] . Naringenin promotes apoptosis in cancer cells through induction of ROS formation, which in turn leads to p38 MAPK-dependent caspase activation [70] . Gallic acid inhibits cancer cell growth by inducing ROS production [71] . Thus, we may conclude that several polyphenols counteract tumor progression by inducing cancer-specific ROS production.
Other Mechanisms
Polyphenols modify the metabolism of pro-carcinogens through mechanisms that alter the levels of cytochromes P450 (CYPs), which plays an essential role in cancer promotion [72] . Polyphenols produce epigenetic changes that have a preventive effect against cancer [73] . Polyphenols also show a preventive effect by inhibiting inflammation [74] . They also modulate the autophagy flux [75] .
Polyphenols prevent metastasis formation by affecting the activity of urokinase and matrix metalloproteinases and by inhibiting angiogenesis through modulation of the vascular endothelial growth factor expression and receptor phosphorylation [76] .
In addition, dietary polyphenols are employed together with conventional pharmacological therapy or cytotoxic agents used to treat drug-resistant cancer cells [74] .
Several studies indicated herein tested the efficacy of polyphenols at concentrations equivalent to oral sub ministration of juices/extracts of natural substances containing polyphenols (range 100-800 mg/day), while other studies analyzed higher concentrations (range 10-75 µM). Notably, concentrations of polyphenols equivalent to diet intake show also beneficial effects.
Polyphenol Effects on Central Nervous System Cancers
Several risk factors are involved in the onset and progression of adult brain tumors: aging, diet, environmental exposure, head trauma, infections, and cigarette smoking [77] . Primary brain tumors are named gliomas and classified according to their putative original cell type. Glioblastoma multiform (GBM) shows the highest aggressive phenotype (grade IV) representing the 60% of age-related brain tumors [78] . At present there is not definite cure for GBM; thus, researchers are looking at innovative therapeutic strategies [23] .
Recent studies in vitro and in vivo have underlined the therapeutic efficacy against cancer of several polyphenols, such as quercetin, epigallocatechin-3-gallate (EGCG), resveratrol, and curcumin [79] . Moreover, it has been reported that the polyphenols' therapeutic potential is further enhanced when they are used in combination or added to pharmaceutical compounds [74, 79] .
Curcumin Effects on Central Nervous System Cancers
The effective anti-tumor activity of curcumin treatment in GBM has been shown by several studies [23, 80] . Curcumin exerts a pro-differentiative effect in glioma-stem cells because of its activation of the autophagy flux [81] . In human glioblastoma T98G cells, this polyphenol induces the activation of both receptor-mediated and mitochondria-mediated proteolytic pathways, which in turn promote apoptosis [55] . Curcumin down-regulates the expression of cancer signaling pathways (i.e., Notch1 and pAKT), leading to blockade of cell growth, apoptosis, and inhibition of migration and invasion [82] . In human glioma cells, it lowers the protein levels of neuronal precursor cell-expressed developmentally down-regulated 4-1 (NEDD4) [82] . Delivery of curcumin into the brain of GBM mice produces the remission of tumor in 50% of the animals and modifies the phenotype of the microglia surrounding the tumor [83] . Curcumin exerts an efficient induction of autophagy [75] , which can lead to apoptosis in cancer cells. Moreover, curcumin treatment in A172 human glioblastoma cells leads to cell death by inducing autophagy flux [84] . Another study confirmed that curcumin promotes autophagy in glioblastoma cells while it inhibits mitophagy [85] . Curcumin also blocks invasion and migration potential of glioblastoma U87 cells by decreasing the expression of fascin, an actin-binding protein involved in migration and invasion [86] . Noteworthy, curcumin exerts a radiosensitizing effect on GBM [87] . Moreover, curcumin acts as a photosensitizer in sNB-19 glioblastoma cells, showing that it can be used to improve the photodynamic therapy for GBM treatment [88] .
Resveratrol Effects on Central Nervous System Cancers
Several studies demonstrate the efficacy of resveratrol in lowering tumorigenesis and preventing metastasis [23, 89, 90] . Resveratrol has a powerful capability of down-regulating the self-renewal and tumor-initiating capability of glioma stem cells obtained from GBM patients by inducing the p53/ p21 pathway [91] . Resveratrol possesses a potent effect in inhibiting the invasion and migration capability of glioblastoma cells by activating the RhoA/ROCK pathway [92] . Resveratrol decreases cell growth and motility, enhances cell death, and interferes with the epithelial-mesenchymal transition modulating the Wnt signaling pathway [93] . Resveratrol lowers tumorigenic potential and improves the effects of radiotherapy in vitro and in vivo against GBM-derived tumor stem cells to by inhibiting the signal transducer and activator of transcription 3 (STAT3) [94] . Resveratrol blocks the growth of U-87MG glioblastoma cells and lowers the expression of human telomerase reverse transcriptase (hTERT) as well as the catalytic subunit of the telomerase and a biomarker of cell immortalization, confirming that resveratrol can be used as a therapeutic agent for GBM [95] . The postoperative administration of resveratrol results in a significant prognosis amelioration of rat-advanced orthotopic glioblastoma by reducing growth, inducting apoptosis, and suppressing STAT3 signaling [96] . In addition, resveratrol blocks epithelial-mesenchymal transition in GBM by modulating Smad signaling [97] .
In combination with Paclitaxel, resveratrol enhances the oxidant and apoptotic effect of the pharmacological compound by activating the TRPM2 channel in glioblastoma cells [98] .
EGCG Effects on Central Nervous System Cancers
Several studies show the beneficial effect of EGCG as a therapeutic agent for brain tumors [23] . EGCG exerts an inhibitory effect in three glioma cell lines by modulating the epidermal growth factor-1 (EGF-1) [99] . EGCG potentiates the effects of ionizing radiation (IR) in GBM by modulating the activity of Ras homolog gene family member A (RhoA) and survivin, with the last being involved in the regulation of apoptosis. Treatment with EGCG combined with radiotherapy ameliorates the efficacy of IR treatments [100] . EGCG also enhances the anti-cancer activity of cytotoxic agents [101] . Indeed, in a mouse model of glioblastoma, EGCG enhances the anti-cancer potential of temozolomide, which promotes DNA damage [101] . Treatment with EGCG alone or in combination with temozolomide affects glioma stem cell survival and migration capability, as well as inhibits neurosphere formation [102] . In addition, such treatments induce apoptosis by down-regulating p-Akt and Bcl-2 [102] . In human glioblastoma U251 cells, EGCG promotes apoptosis and blocks cell-growth because of inhibiting the JAK2/STAT3 signaling pathway [103] . EGCG suppresses the invasion properties of human glioblastoma T-98G cells by down-regulating MMP-2 and MMP-9 expression [104] . Interestingly, EGCG inhibits the effects of the glucose-regulated protein 78 (GRP78), which is up-regulated in GBM by direct protein-protein interaction that results in a conformational change in GRP78, probably leading to its inactivation [105] . At the low concentration of 100 nM, EGCG activates endogenous repair pathways while at higher concentrations, EGCG induces ROS production and autophagy [106] . These data suggest that drinking green tea containing low concentrations of EGCG may exert a chemo-preventive effect against GBM, while higher concentrations (500 µM) show a therapeutic effect [106] . Importantly, EGCG inhibits the expression of O 6 -Methylguanine DNA-Methyltransferase (MGMT) in GBM-derived cells only, which is an essential regulator of the resistance to temozolomide (TMZ) in glioblastomas. EGCG treatment in two GBM cell lines (GBM-XD and T98G) results in suppression of MGMT expression, abolishes TMZ resistance, and prevents β catenin translocation into the nucleus [107] . On the contrary, the addition of EGCG to non-tumor glial cell culture (GliaX) enhances MGMT expression by inhibiting the methylation of the MGMT promoter [107] . Recently, it has been shown that EGCG induces telomere shortening in U251 glioblastoma, leading to senescence [108] . In addition, it also promotes telomere-independent genotoxicity [108] .
Quercetin Effects on Central Nervous System Cancers
The therapeutic potential of quercetin for the cure of GBM has been extensively analyzed [23] . The glycoside form of quercetin called Rutin exerts an anti-proliferative effect on human GBM cells [109] . Rutin reduces the survival and proliferation of GL-15 cell lines, resulting in a decrement of phosphorylated extracellular signal-regulated protein kinases 1 and 2 (ERK1/2), which exert an essential role in cell proliferation and apoptosis modulation [109] . In GBM cell cultures, rutin induces astroglial differentiation and apoptosis [109] . In GBM cultures, treatment with quercetin alone or together with temozolomide, induces apoptosis, whereas it does not affect autophagy [110] . Treatment with quercetin or its addition during with irradiation promotes apoptosis. This anti-cancer effect is due to activation of caspase-3 and poly [ADP-ribose] polymerase 1 (PARP-1), which are concomitant to the inhibition of the Akt pathway [111] . In GBM cells, co-treatment with rutin and temozolomide results in enhanced cytotoxicity because of inhibition of the autophagy flux [112] . Studies in subcutaneous and orthotopic xenograft using concomitant treatment with temozolomide and rutin show a decreased tumor volumes, while treatment with temozolomide or rutin alone is less effective [112] . In U251 glioblastoma human cells, quercetin inhibits cell proliferation and viability as well as invasion and migration properties [113, 114] . Quercetin shows a pro-apoptotic effect also because it regulates the expression of apoptotic genes and because it induces the cell cycle arrest [113] . Using U87MG, C6, and U138 glioblastoma cultures, we demonstrated that the water extract of Ruta graveolens L. promotes cell death. We also found that rue activates ERK1/2 and AKT, resulting in an inhibition of cell growth. We also show that rutin, the major component of the Ruta graveolens water extract, is unable to induce cell death [115] . Quercetin in combination with sodium butyrate promotes apoptosis in rat C6 and human T98G GBM cells by inhibiting autophagy [116] .
Polyphenol Effects on Tumors of the Peripheral Nervous System
Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder showing complex phenotypes and it is caused by inherited mutations in the NF1 gene, which is a tumor suppressor. Almost all NF1 patients develop pigmentary lesions (café-au-lait macules, skinfold freckling, and Lisch nodules) and dermal neurofibromas (Table 1 ). In some patients are also present brain tumors (glioblastoma and optic pathway gliomas), peripheral nerve tumors (plexiform neurofibromas, spinal neurofibromas, and malignant peripheral nerve sheath tumors), skeletal abnormalities (tibial pseudarthrosis, orbital dysplasia, and scoliosis), attention deficits, learning disabilities, and social and behavioral problems, which impair the quality of life [117] .
Neurofibromatosis type 2 (NF2) is a genetic disorder characterized by the presence of multiple benign tumors of the peripheral and central nervous system (including meningiomas, schwannomas, and ependymomas) ( Table 2 ).
NF2 patients are almost always diagnosed late in life, around the second or third decade of life [118, 119] . NF2 is characterized by the presence of benign tumors. However, such tumors can induce mortality that is associated to the location of the tumors as well as can be promoted by the treatments. Currently, the only therapy available consists in a local treatment of the tumors and is not effective. Thus, there is a need to develop systemic therapies aimed to improve the outcome of NF2 [23, 119] .
It is well documented that a healthy diet including a high consumption of fruit and vegetables has a preventive effect against cancer and results in a lower incidence of tumor development and tumor-induced mortality [120] .
Recently, researchers started to investigate the chemopreventive and/or chemotherapeutic potential of polyphenolic compounds [120] . Since polyphenols possess anti-oxidant proprieties, their consumption has a beneficial effect against the high levels of oxidative stress produced by cancer cells [51] .
Curcumin Effects on Tumors of the Peripheral Nervous System
Curcumin reduces proliferation and enhances the apoptosis rate in HEI-193 human schwannoma cells [118] . These results indicate that administration of curcumin to patients with NF2 schwannomas may exert a beneficial effect. We describe the first experience with curcumin supplementation in NF1 patients. We show that a therapeutic strategy involving a high adherence to the Mediterranean diet together with the administration of 1200 mg/day of curcumin results in a significant reduction of the number and volume of cutaneous neurofibromas in NF1 patients [121] . Notably, we demonstrate by Magnetic Resonance Imaging that in one patient this therapeutic strategy results in a sensible reduction in volume (28%) of a large cranial plexiform neurofibroma. On the contrary, administration of curcumin in association with a Western diet has not effect on NF1 tumors, suggesting that some components in the Mediterranean diet may improve curcumin bioavailability and activity [121] . A recent study revealed that calebin-A, derived from turmeric Curcuma longa, (a) inhibits the cell growth in the malignant peripheral nerve sheath tumor (MPNST) transformed from NF1-related plexiform neurofibroma, and (b) blocks cell growth in primary neurofibroma cells [122] . Calebin-A induces the cell cycle arrest and decreases hTERT, phosphorylated-ERK1/2, -AKT, and surviving [122] .
EGCG Effects on Tumors of the Peripheral Nervous System
Only one study reported that EGCG reduces the proliferation of an MPNST transformed from NF1-related plexiform neurofibroma [122] .
Bioavailability of Dietary Polyphenols
Several studies have indicated that dietary polyphenols exert neuroprotective functions. However, their clinical application is still limited. In fact, polyphenols exert poor effect in vivo when compared to their activity in vitro [123, 124] . The difference between in vitro and in vivo effects of polyphenols is mainly associated to their poor absorption, rapid metabolism, and massive system elimination, which represent a limitation regarding their therapeutic action and clinical application [125] . Several studies underline that the chemical structure of polyphenols plays a key role in modulating the rate and extent of their absorption upon ingestion [74] . Noteworthy, the individual variability in drug absorption and metabolism has a key role in modulating the effects of polyphenols in vivo. Indeed, the absorption is regulated by the local microflora, by the metabolic activity and by the hepatic function [126] . In addition, the CNS is protected by the blood brain barrier (BBB), which regulates the transport of molecules into the CNS. Thus, the transport across the BBB further limits the therapeutic potential of dietary polyphenols. For this reason, several ongoing research projects are studying how to improve the bioavailability of polyphenols [125] . These studies aim at ameliorating the biochemical stability and transport across the BBB of the polyphenols as well as decreasing their degradation [125] . Another study investigated the transport across the BBB of bioavailable phenolic sulfates derived from the colonic metabolism of berries [127] . They found that these compounds show a differential transport across the BBB, which was related to their chemical structure. In addition, they discovered that these compounds were further metabolized by the endothelial cells, leading to the production of novel molecules with potential bioactivity [127] . This study also demonstrated that pre-treatment with these compounds (a) ameliorated the response to oxidative stress and toxicity and (b) reduced the inflammatory response by modulating NF-kB activity [127] . Thus, this study demonstrated that these polyphenols cross the BBB and exert a neuroprotective and anti-inflammatory function. Furthermore, it has been shown that the gut microbiota metabolize the dietary polyphenols, promoting the production of bioactive molecules that cross the BBB and modulate the neuronal function by acting as neurotransmitters [128] . Interestingly, dietary polyphenols modulate the bacterial composition of the gut microbiota, acting on the microbiota-gut-brain axis, which is considered as a neuroendocrine system [128] . These studies support the hypothesis that dietary polyphenols exert a beneficial effect by modulating the gut microbiota, leading to a neuroprotective effect via the gut-brain axis. Thus, they may have a therapeutic role in the prevention of diseases affecting the nervous system [128] .
However, several challenges remain. These include (a) the exploration of the therapeutic interplay between polyphenols or other natural substances contained in the Mediterranean diet [121, 129] , (b) their molecular characterization, and (c) the definition of optimal absorption levels and bioavailability improvement. This is necessary to ensure therapeutic efficacy, that these substances cross the intestinal and blood-brain barriers, and that matrices can be developed for the release of product formulations. Indeed, nanotechnology can provide new materials for the delivery of polyphenols, improving their absorption and efficacy [130] . These technologies can provide food-based nanodelivery vehicles with different surface properties. To date, several nanovehicles, such as nanoemulsions, protein-polysaccharide coacervas, liposomes, and small cochlear structures, are produced only on a laboratory scale. In the future these systems will have applications in the development of functional foods at an industry scale [131] .
Clinical Trials
To date, the US National Institute of Health database shows only two completed clinical trials using curcumin and polyphenols for the treatment of GBM (http://www.clinicaltrial.gov/; searching for: "Glioblastoma multiforme" and "Curcumin" and "polyphenols"; and http://www.clinicaltrial.gov/; searching for: "Glioblastoma multiforme" and "Curcumin"). There are no any curcumin-based clinical trials for NF2 or NF1 treatments (http://www.clinicaltrial.gov/; searching for: "Neurofibromatosis type 2" and "Curcumin").
Conclusions
The incidence of brain tumors has been increasing recently. Despite considerable efforts to find an effective therapy, the treatment of some cancers of the nervous system still remains a challenge in a war in which, thus far, few battles have been won. The numerous metabolic aspects underlying the tumors of the CNS and PNS have opened the way to new therapeutic approaches that see an interesting therapeutic strategy in diet and, in particular, foods with anti-oxidant activity. In particular, several studies have underlined the beneficial effect of dietary polyphenols for the prevention of tumors of the CNS and PNS.
Furthermore, recent studies have revealed the positive effect of polyphenols on the microbioma-intestine-brain axis, demonstrating the therapeutic potential of dietary polyphenols in the prevention of diseases affecting the nervous system. However, the low bioavailability of dietary polyphenols is still a limitation for their introduction into clinical practice. A promising solution lies in polymeric nanoparticle-based polyphenol delivery systems that prevent the degradation of bioactive compounds and enhance their absorption and bioavailability. 
